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Introduction

* This report summarizes Progress of research sponsorced
Ly the Naval Research Laboratories, Contract No. N00014-75-C-
0360 for the period November 1, 1973 through October Jl, 1974,
The goal of this program je to obtain the quantitative informa-
tion necessary for a detailed understanding of the pPropagation
behavior of intense laser radiation in the 2 to 5 micron region

through a medium containing water vVaupour.

» Development of a Tunable 5-y Spin-flip Raman Laser and

Application to Precision Srectroscony of H,0.

A gradient field permanent magnet spin-flip Raman (SFR)

laser system which utilizes tapered pole pieces to give a fielq
variation over the pole faces was used to measure the pressure
broadcning coefficients of the[}OOO), 515-—>(010), 643] transition
of the vV, fundamental vibrational band in water vapor. We have
also measured the absorption linewidth of the BOOO), 532—~>(010)
’ 64é] transition in the atncsphere (22°c and 35% relative humidity)
at a partial bressure of 7 torr,

Spin-flip Raman laser is composed of a 2-methylbutane cooled
CO laser with a nominal output of 2 W, and a low carrier concen-
tration Insb crystal, cocled below liquid helium temperature ang
Placed between the pole faces of a permanent magnet:. The SFR laser
has both forward and backward outouts. The forward output was
used to calibrate the frequency tuning of the SFR laser using a
Fabry-perot interferometer. This provides an independent frequency
state accurate to within threa Percent. The backward output of
the SFR laser was for the water vVapor absorption spectroscoi s, The

permanent magnet could be pPositioned so that the first stokes liae




of the'éFR laser was near the water vapor absorption line and fine
tdning was done electronically using Helnholtz coils mounted on
the magnet. Since the tuning rate of low electron concentration
(SFR) laser ic high (~ 65 MH,/G) a variation of only a few gauss
is needed to sweep over a Doppler-limited absorption lineshape of
water vapor. Further experimental details are discussed in
Appendix III.

The results of collision broadening coefficients are found
to be 44.6 :* 4 mhz/torr for nitrogen, 7.5 + 0.7 mh'-':/';orr for nitro-
gen, 5.7 * 0.6 mhz/torr for oxygen, 2.9 *+ 0.2 mhz/torr for Argon,
and 2.75 mhz/torr for Xenon broadening. These coefficients were
found to be in very good agreement with those calculated by

>
Benedict and Kapléi’;ho used Anderson's thecry to calculate the
line width of H,0 - H,0 and H,0 - N, collisions. These results
support the contention that the theory is valid for low-J transitions
but is not accurate for high=J transitions(3), therefore, they can
be helpful in the development of improved models of atmosvheric

absorption in the near infrared.
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II. Studies of Wings of Water Vapor Lines

Having completed a set of measurements of lineshape features

in the vicinity of water vapor resonances, preparations are now

underway to explore the lineshape features at the wing of these
absorption lines, particularly their deviation from Lorentzian
behavior. For experimental convenience a novel balancing method
is being planned in which the transmission at the wing of the line
will be measured simultaneously with the transmission at the peak.
The absorption coefficients at the wing will thus be given as

ratios calibrated against the peak valves.

A tunable 5im c.w. spin-flip Raman (SFR) laser will be
vsed to probe the absorption line at various points, from line
center up to a detuning of 1.2 cm-l, the tuning range of the

SFR laser. A fixed-frequency stable CO laser will be used as

a reference to monitor the absorption on the wing, 2.7 cm-l away
from the peak. 1In order to enhance the absorption at the wings,
we will broaden the line by adding nitrogen buffer gas. Some
design considerations based on simple theoretical estimates are
given below.

Our recent experiments, obtained values for nitrogen and
self-broadening coefficients of water vapor resvnances on several
low J trausitions which agreed closely with the theoretical
prefictions. For the present experiments we have chosen a line,
[(000)/ 555—(010), 543], which falls at 1889.58 cm Y, for the fact

! that it is well isolated from other transitions. It follows from
our earlier work that the theoretical values of 6.3 (nitrogen-

broadening) and 31 (self-broadening) MHz/torr are reliable near

line center. Measurements by Long et al(l) indicate that the

absorption in the wings is considerably larger than that predicted

-4
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from a Lorentzian lineshape. Therefore, we can assume a Lorentzian
behavior for the absorption line to obtain a lower limit for the

absorption coefficient there.

The absorption coefficient can be written as:

_ hvo \
¥ = g1t s Ni(i-€ K‘r‘) 2T (1)

3he (Vo) (55 )*

where “ij is the matrix element of dipole transition, v and vy are

the laser freguency and the center frequency of the transition,
respectively, Nf is the density of molecules in the desired rotation-
al-vibrational level, and 5%? is the half width at half height

of the absorption line. 1If the line is broadened with nitrogen

to the extent that the contribution of nitrogen broadening to the
overall linewidth is much larger than that due to self broadening,
then the absorption cocfficient for the 1889.58 cm-l line is given

(in cm-l) by

\6__ = 3.1x106R,' R/eo L (2)
(V-Vo)*+ (3.2x10¢ B, )®

where PN and PH20' the nitrogen and water vapor partial pressures
are measured in Torr, and a=2 x 107. The addition of nitrogen
broadens the line in such a way that the absorption at the peak
decreases while absorption at the wings increases. Therefore, the

abso:ption coefficients at the peak and at the wings (2.7 cm_l

away from the peak will be

(3)




3.2x10%Py Prs (4)

e B &
XW\Y\% (V—\)o)e'

Since the absorption coefficient at the peak is much greater
than that at the wing, we will use an experimental arrangement
consisting of two cells, a short cell to probe the peak
absorption and a long cell to probe the wing absorption, con-
nected to a common reservoir (see figure 1). If we restrict
ourselves to total pressures below 5 atmospheres, then a

2 meter long cell in conjunction with a cell of length 10 cm
would heve the same absorption. In this case the absorption
in each cell will be about 15% at 5 atmospheres of N, and 7

2
torr of H,O.

2

The experimental arrangement is shown in Figure 1. The
CO and SFR lasers are balanced before they enter the cells, and
the relative intensity is measured after they have passed through
the cells. By detuning the SFR laser from the peak of the line,
the absorption can be determined at several points along to the
wing. The absorption magnitude can be obtained from the absolute
value of the absorption at the peak.

In the experiments care will be taken to minimize the
atmospheric absorption due to presence of water vapor im the air
("7 Torr). Amplitude fluctuation in the SFR laser resulting
from tuning will be eliminated by taking the ratio of intensities
measured before and after the cells. T[inally by varying the
buffer gas and HZO partial pressures, we shall study the lineshare |

variations with pressure and lineshape curves can be obtained

for various humidity conditions.
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I1I. Other Spectrosconic Applications of Snin-fliyv Raman Lasers

An earlier version of the SFR laser described in App.

(1)

3 has been used in spectroscopy of NO. This work was done
primarily to test and evaluate the SFR laser. The spin-flip
laser with its high output power and wide tuning range makes
possible the study of many molecular systems which have trans-
itions in the 5-6u range. A long path White cell has been
purchased and a high pressure absorption cell has been con-
structed to facilitate these studies.

Work has begun on using a proustite non-linear crystal
to mix the srin-flip radiation with that of a CO laser and
thus obtain tunable radiation at 2.5 u. In a preliminary ex-
periment, radiation from the CO pump laser itself was doubled.

Experimental indications are that we can obtain several tenths

of a microwatt of tunakle cw power in this way.



)

M. Guerra, S. Bruek,

QE"QI

1157 (1973)-
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IV. Develovment of a Tunable 5 Micron Pulsed Laser

Design and construction of a 10-15 atmosphere pulsed
co, laser is now underway following completion of tests and
studies on a similar device operated at 1-3 atmosphares.
Preliminary results have been obtaired at 5 atmospheres. At
high pressures, CO, rotational transition lines overlap due
to collision broadening allowing continuous tunability
throughout the 10-u region. The tunability of high pressure
Co, lasers had already been demonstrated at 15 atmospheres
using only a slightly different principle, and a CO2 laser
operating at 33 atmospheres has also been reported. An optical
system, including a Smith cavity, is also being assembled for
frequency tuning and mode selection of the high pressure laser
oscillator. High-power pulses thus generated will be frequency
doubled into the 5-u regicn where it will be useful for
saturation and pulse transmission studies of water vapor tran-

sition.

-10-




V. Spectroscovy ¢l 8.6 Usina an Acoustical Mcdulator for

y Freaquency Tuning

Absorption raesonance in the v, band of DZO in near

coincidence with CO2 laser lines has been studied using

acousto-optic modulation technigue. The laser frequency is tuned
by means of an acoustc-optic modulator in order to give coin-
cidence with the transition of the absorbing gas. The device
consists of a quartz transducer bounded to the (111) face cf

a crystal of germainum. Ultrasonic waves of freauency W, are

set up in the crystal by the transducer, which then scatters part
of the laser beam into a single wicdeband shifted from the laser
center frequency by WS. The sign of the shift is determined by
choosing the appropriate angle between the acoutic wave and the
light beam. Frequency shifts of up to 2500 MHz are possible, as
compared with the :40 MHz tunability of a regular CO2 laser tlrat
uses a piezoelectric device to change the size of the laser
cavity.

Coincidence between the R(22) line of the CO2 laser and
the 000,533 - 010,422 D,0 transition was obtained after shift-
ing that line by 320 MHz. The center frequency value for this
D,0 transition is then determineé to be 1079.8628 : .0002 em™t,
Tiiis accurate value mav be useful as a freguency calibration

standard. Details of the experiment are presented in Appendix

I.
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VI. Velocitv Devmendence of Collision Processes in NH3

A detailed study of the pressure broadening of an infra-
red transition in ammonia as a function of the velocity of the
molecule has uncovered new spectroscopic features of this
transition. The technique of using saturating and orobe fields
of different frequencies to investigate resonances for molecules
having rnon-zerc velocities along the fields' propagation
direction was earlier applied to determine the velocity depen-
dence of the collisions which contributed to the homogenczous
widths of the resonances. In refining the technique to obtain
data of sufficient accuracy to determine the intermolecular
force laws, the hyperfine structure of the v, as Q(8,7) transition
in NH3 was resolved. HFS components, weaker than the central
resonance by a factor of 100, were brought out by strongly
saturating the transition. The srlitting nf the components cives
information about the structure of the molecule's excited state.
A second feature observed in this study was the enhancement of
the resonances when the gas molecules were subjected to a
magnetic field. This is believed to be a manifestation of the
stimulated Hanle effect and should provide a value for the g-factor
of the exc.ted state's magnetic moment. In addition to providing
new spectroscopic information, these studies will facilitate the
interpretation of the data on the velocity dependence of the

collision cross sections.

~13=




VII. Theoretical Formulations of Abscrviion Far from Line

Center

In order to develop a valid theory for the absc.rtion
far from linc center which would be applicable to an under-
standin: of the absorption in the wings of the water vavor
lines, it is necessary to account for the absorption cccuring
during the collision. A program has been initiated to study '
collision induced absorption starting first with simple collicion
partners.

Calowlations of the ceollision-induced absorption in a
He-Ne mixture in the far infrared (200-600 cm_l) have been

(1)

published. The present calculation includes an exac*: treat-
ment of the collision dynamics and of the radiation field to the
first order. The information used is the interatomic potential
and dipole moment function. Using values of these parameters
obtained from independent and extensive studies, we obtain
values of the absorption coefficient which are about two orcers
of magnitude smaller than obtained previously. Possible causes
of this larce discrepancy are discussed,

Collision-induced absorpntion in He-Ar mixture has also
been calculated. The calculation uses interaction atomic
potential of R. Duren, R. Feltgen, W. Gaide, R. Helbing, and

H. Pauly(z)

to compute the wavefunction for relative translational
motion. The absorption coefficient is computed for several

dipsle moment functions proposed in the literature. Best

agreement with room temperature experimental results in the

1 . . ! Li .
67-200 cm range is obtained if one uses a dipole moment which

is the sum of Lacey-Byers Brown (L—BB)(3)

short range contributien




q",

(4)

and Whisnant-Byers Brown (W-BB) dispersion contribution.
Around 600 (:m"l at room temperature the absorpt.on coefficient
is better approximated by the sum of Matcha=-Nc océsghort range
contribution and W-BB dispersion contribution.

The contribution of the dispersion term to the
absorption coefficient is much smaller than beclieved earlier
by Levine. Appendix 2 discusses these calculations in more

detail.
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¢ APPENDIX 1

OPTICAL PUMPING AND TUNABLE LASER

SPECTROSCOPY OF THE v, BAND OF 020

F. Keilmann, R.L. Sheffield, J.R.R. Leite, M.S. Feld and A. Javan

-

ABSTRACT

Absorption resonances in the v, band of Dzo in near co-
incidence with CO2 laser lines are reported and assigned. Optical
pumping induces strong laser emission at new submillimeter wave-
lengths, confirming the assignments. Acousto-optic modulation is
used to tune the R(22) line of the COZ laser into coincidence with
the 000,533—010,422 D20 transition. Its center frequency is
1079.8628 cn—l; the linewidth (HWHM) due to collisional broadening
is 13 MHz/torr. Dzs and HLCS transitions in near coincidence with

CO2 laser lines are also reported.




o

PSR

|

We have studied vibrational transitions in the v

2
bands (the beﬁding mode) of D20, HDS, and Dzs gases near lOum(l). .%
These lie in the range of the 0120215 laser wavelengths. Absorp-
tion studies of the C02 laser lines showed tnat several molecular
transitions were in near coincidence (within five to ten Doppler
widths). Tentative assignment of these lines suggested that some
of them could be optically pumped to produce far infrared radia-
tion on branching transitions, and in subsequent experiments we
obtained intense submillimeter emission at several wavelengths,
confirming our assignments. Acousto-optically modulated CO2 laser
radiation was used as a tunable frequency source to tune to the
center of one of the Dzo resonances, yielding an accurate value
for the center frequency. The collision broadening coefficient
and the dipole moment matrix element were also measured.
For the initial check of coincidences we used a low
pressure continuous CO2 laser which could be set by means of a
grating to operate on any of about 70 11 . extending from 9.2
to 10.8um. The beam of roughly 1 W/cm; was sent through a 205 cm
long absorption cell containing the gas under study. The tranz-
mitted power was measured with a thermopile. Up to about 15 torr

(vapor pressure at room temperature) absorption of the CO., laser

2
lines by 020 yielded three near coincidences (Table I). 1In

addition, one line each was found in D,S and HDS. However, up

to 100 torr no absorption was observed in HZS'

Table II lists the observed D20 transitions and their

(2)

assignments. The frequency separations between the CO., laser

2
lines and the DZO resonances were estimated from the measured

i7"




(3)

values of the CO, laser frequencies. In addition to these

2
close coincidences, several others were predicted from the tables

to lie within 0.1 cm™!. It has recently been shown (4)

that it
is possible to saturate molecular transitions detuned by many
Doppler widths by means of an intense pump laser. On this basis
we expected sizeable gain on coupled rotational transitions in
the excited vibrational state by means of off-resonance optical
pumping (Table II).

The experimental setup for optical pumping utilized a
grating-controlled co, laser delivering a few joules in approxi-

mately 150 nsec.(s)

The linearly polarized laser beam, 3 cm in
diameter, entered a 3 m long absorption cell through a NaCl win-
dow. The submillimeter laser emission built up essentially in

a single pass and was transmitted through a TPX window. After
passing through a double-mesh Fabry-Perot interferometer, the
radiation reached an InSb detector sensitive to wavelengths from
about 100 to 1000um. In the experiments strong submillimeter
emission (kW range) was found for five different pump lines at
wavelengths between 100 and 400um, as summarized in Table II.
Laser oscillation occurred over a wide pressure range, from 15
torr (vapor pressure) down to about 0.02 torr, at roughly the
same power level. At reduced pump power levels, however, os-
cillation could not be attained at the higher pressures. The
emitted pulse followed the shape of the pump pulse at high pres-

sures, whereas at lower pressures .t lasted longer than the pump

pulse, about lusec at 1.0 torr and 4usec at 0.05 torr.

15-




The observation of strong laser emission at the branch-
ing transitions confirms that sizeable saturation was achieved.
The extent of saturation broadening is estimated to be about 3 GHz.
In addition, the bandwidth of the high pressure pump laser is
also 2-3 GHz.(S) Some expected branching transitions were not

observed, suggesting that the detuning of the CO, laser lines

p

from the pump transitions was larger than had been estimated using
Ref. 2.

The submillimeter wavelengths were measured using the
double~-mesh interferometer {(Table II). Due to low finesse and
pulse-to-pulse variations in pump power, only the main spectral
component could be resolved. Others, if present at 10% or less
of the total power, would not have been seen. The accuracy of
the measured wavelengths is + 2 cm-l. Theory(G) predicts that
some of the submillimeter lines will be preferrentially polarized
parallel to the pump laser field and others perpenlicular to it,
depending on the quantum numbers involved. The extent of polari-

. . ; . : -1
zation was measured using a wire grid polarizer. the 26 cm

line
was found to be about 80% polarized; the other lines were polar-
ized more than 95%. The observed relative polarization directions
are listed in Table 11I.

Good agreement is found between the observed submilli-
meter wavelengths and those predicted using Ref. 2. Together
with the measurements of relative polarization, this confirme

our assignments. An unexplained exception is the transition

pumped by the R(34) co, line, which should be preferentially polarized

perpendicular to the pump field according to the assignmant

19+
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which fits the measured wavelengths.

The strong absorption of the 000,5 010,4 B..3

33 22 ]
transition and its large variation in absorption over the tumning
range of the probe laser indicated that the detuning of the mole-
cular resonance from the CO2 center frequency was small. In order
to accurately determine the D20 center frequency an acousto-optic
modulator(V) was used o frequency shift the C02 laser lines.

The device -unsists of a quartz transducer bonded to the (111)
face of a crystal of germanium, known to be a good material for
acousto-optical modulation at the 10 um wavelength range.(g)
Ultrasouic waves of frequency wg are set up in the crystal by
means of the transducer, which then scatters part of the laser
beam into a single sideband shifted from the laser frequency by
W (Fig. 1) The sign of the shift is determined by choosing

the appropriate angle between the acoustic wave and the light beam.
A typical value for the conversion efficienty is 1%, obtained at
an ultrasonic frequency cf 100 MHz. Based on the acccustical
properties of germanium, frequency shifts of up to # 500 MHz are
possible(g), as compared with the + 4( MHz tunability of the CO2
laser itself.

The CW CO2 laser and the absorption cell used in these
experiments were the same as described earlier. The absorbed
signal was measured using a Cu:Ge detector. In order to enhance
the signal-to-noise ratio the detector cutput was fed into a lock-
in amplifier and then to a waveform eductor. It was convenient to

tune the source by first choosing a particular sideband frequency

and then tuning the laser frequency by varying the mirror spacing 4

pT 1




with a PZT crystal. Thus continuous tunability was achieved even
though the acoustic modulation frequency was varied in steps

(20 MHz in our case). In this way the center of the D20 line was

found to lie 318 + 6 MHz above the center of the 9.6 um R(22) CO,

laser transition, whose freguency is accurately known.(3) The
center frequency of the 000,533 - 010,422 D20 transition was
thus determined to be 1079.8628 + .0002 cm_l. This accurate value
may be useful as a freguency callibration standard.
Oscilloscope traces of the absorption signal observed

for sideband frequencies of 310 and 330 MHz are shown in Fig. 2.
Note that the absorption peak shifts in the two cases, as expected.
From traces of this type the Doppler broadened absorption coeffi-
¢ient at the D20 center frequency was found to be 0.26 + 0.04 cm_l
torr_l. From this value, the measured detuning, and the abscrp-
tion coefficient obtained at the laser frequency, the linewidth

contribution (HWHM) due to pressure broadening was found to be

13 + 3 MHz / terr. This is comparable to the value of 14 MHz / torr

/

fox H20 measured at 5.3 um(g). The absorption coefficient measured

at the D20 center frequency ccsresponds to a dipole moment matrix

element of 0.036 Debve for the 000,533 - 010,422 transiticn.(lo)

Acousto-optic modulation is a general technique which
may be used to extend the tuning range of molecular lasers through-
! out the infrared. It should also be noted that optically pumped
molecular systems such as D20 are suitable for studies of Dicke

superradiance.(ll)
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Figure 1:

Figure 2:

Figure Captions

Experimental setup for the acousto-optic modulation and
detection of the CW 002 laser radiation.

Transmitted CO2 laser intensity vs. CO2 laser tuning for
two values of accoustic frequency offset. The frequency
scale is 20 MHz/ division. The broken line indicates the
center frequency of the 020 resonance. The dotted line
indicates the center frequency of the CO2 laser sideband.
(a) and (b): 020 pressure 40 mtorr, transmittance n20%.

(¢) and (d): 020 pressure 80 mtorr, transmittance o 4%.

Note that in the traces in the first column (accoustic
offset: + 310 MHz) the absorption maximum occurs to the
right, while in the second column (offset: + 330 MHz)

it i1s shifted to the left. 1In this way the 020 molecular
center frequency is found to lie 318 MHz above the center of
the 9.6 ;pn R(22) 002 laser line.




TABLE 1

C02Laser Line Wavelength Absorbing Pressure Absorption Coefficient a
(microns) Molecule (torr) (in units of 10_4/ cm)
R(22) 9.26 D20 1 10
R(12) 9.32 D20 1 0.5
P(32) 9.66 D,0 1 |
R(18) 10.26 DZS 100 25
R(12) 10.30 HDS g 8 5
Table I

Experimentally determined absorption coefficients, o

, for water vapor and

hydrogen sulfide. Values of G are measured at the center frequencies of
the CO2 laser lines.

(a) Six torr is the partial pressure of HDS, as analyzed by a mass spectro-
meter, in a 100 torr mixture of H.S

a reaction of DO, H.SN

e

4 and FeS.

25> HZO' HDS, HDO, D20 resulting from
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_ APPENDIX 2

Collision Induced Absorption In He-Ar Mixture

Ramesh D. Sharma
and

Robert R. Hart

ABSTRACT
The absorption coefficient for the collision induced absorption (CIA)
-1 -1
in a He - Ar mixture is calculated for frequencies between 67 cm - 733

in the 200 - 400° K terperature range. Starting with a Lennard - Jones
(6 - 12) interatomic potential derived from atomic beam ° work, the
absorptian coefficient is computed for five different dipole moment
functions. The caknﬂathxxis<pmnmxnnechmﬁcal,dynaﬁcalh'exaau and
uses no adjustable parameters. The results are compared with the pecm

temperature experimental results as well as with previous theoretical work ,

Co
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Introduction

The collision induced absorption (CIA) in He - Ar mixtures has been the
subject of a number of experimental studies. The pheramenon w.as first
discovered by Kiss and Welsh! who showed that (1) the absorption in the
350-700 cm.l range was continuous and without any structure, and (2) the
absorption coefficient scaled as the product of the two gas densities.
Bosomvorth and Gush? have confirmed the He - Ar results of Kiss and Welsh
and have extended the observations down to about 40 am -, Reliable
experimental results from the CIA for He - Ar mixture are thus available

in the 40-700 am - region.

Theoretical work on this problem is based upon two approaches.
In the statistical approach, an expression for the auto-correlation function
of the dipole moment is obtained in texms of a few .parameters, which are
determined from the experimental data. If these parameters are similar
from one pair of inert gases to another, one would say that the under-
lying model is reasonable. The hope in this type of calculation is that
after some experience the details of the absorption process can be
predicted for varied species and circumstances. The cther approach is
dynamical, calculating the CIA from the detailed dynamics of the collision
process. This method itself is applied in two ways, ane with simplifications
in the ocollision dynamics, the other from a more a priori standpoint. The
first of these is used by Levine and Birnbaum, and by Le.vine," who approximate
the interatomic trajectory during the =ollision by a straight path. The
straight path permits the atams to came much closer than a realistic

potential would. To compensate for this, these authors pick a dipole moment

GL-
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fuction  u(r) = Are
and B are adjustable parameters. This form of dipole moment function

has no physical justification, but the factor of r decreases the importance
of those collisions in which the atoms have a small impact parameter.

The resulting dipole moment autocarrelation function is in surprisingly

good agreement with that obtained by Sears.3

Also simplifying the dynamics is the work of Tam‘:roto.s
He uses a nore realistic exponential repulsive potential, i.e.,
V() = 2e X, and simplifies the dynamics by using the modified wave

nurber approximation. This approximation replaces

k2 - 1(9;1)
r
in the wave equation for radial motion by k2 - i—(%l—)- = ki "
r
oL

where Ton is the classical turning point for the 2th partial wave. The

radial equation reduces to an s-wave equation with energy of relative mction

2
hzkz

5 and can be solved anaytically for exponential repulsive potentials,

Vir) = Ae T, Purther, the integrals over the dipole moment function can be
obtained and evaluated in closed form if u = Ale-a’r, where a 1 @ or
a, = a/2, and a is the range parameter in the interatomic potential.
-

Tanirmoto™ obtains good agreement with the data of Kiss and Welsh in the

350~ 700 o * range. However, his predictions for lower frecuencies

are not borne out by the experimental work of Bosomworth and Gush.
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Also using the dynamical  approach with simplified dynamics are

Okada, Kajikawa, and Yamr:xmto.6 These authors approximate the inter-

atamic potential by a hard sphere, i.e., V(r) = 0 for r > d, and

V(r) = e« for r < d. Assuming a dipole moment function u(r) = Aze-azr'
and using classical mechanics to describe the atoriic moticn, they
calculate the CIA for Ne -Ar and He - Ar mixtures. The two

adjustable parameters in the dipoie momert function are obtained fram

the low frequency region of the experimental work of Bosomworth and

Gush. The hope and expectation for the adjustable parameters are the
same as in statistical calculations,

In the second, more a priori, method within the dynamical approach,
the starting point is the interatamic potential and dipole moment
function, obtained from independent sources. Using classical or quantum
equations of motion, the expectation value of the dipole moment, and
hence the absorption coefficient, is then computed. The work of
MxQuarrie and Bernstei_n7 on CIA in He - Ar is in this spirit. These
authors used a Lennard-Jones 6-12 potential to describe the [e-Ar

interaction. The porareters used, e = 3.50 x 10-15 erds and

g = 3,078 derived € v b
§ » are derived from rolecular beam measurcrents of NDuren, Feltgen,

Gaide, Helbing and Pauly.'8 The dipole roment functinn is taken from ab initio

calculations of Matcha and Ncsbet? With these input parameters, and

using the classical equations of motion to calculate the trajectories, the

dipole mament function induced during the oollision can b2 calculated

-

and its Fourier transform obtained. The absolute square of the Fourier
component at frequency w gives, aside from constant factors, the absorption

coefficient at this frequency. These avthors have computed the absorption

33+
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coefficient only for frequencies less than %240 am >

, due to slow ocon-
vergence of sare of the integrals. The results of ‘nis study, which
camputes the absorption coefficient for free-frec transitions,are smaller
than experiment by a factor of about three, but can be brought into

~ agreement with experiment if the value of the range paran~ter p in the
dipole moment correlation function u(r) = uoe-r/ P is increased by

about 8% from the value calculated by Matcha and Nesbetg. The predictions
of these authors on the terperature dependence of.‘the absorption coefficient
have not been tested experimentally. The drawback of this classical
calculation is that it dces not conserve energy. The energy of the system

does not change after absorption of: the photon.

In this paper we present a calculation of the He - Ar ahsorption
coefficient in the McQuarrie-Bernstein spirit, but using quantum instead
of classical mechanics, and conserving energy. The cuantum-mechanical
wave functions are used to compute the expectation value of the dipole
moment function between initial and final states. This calculation,
which treats the collision dynamics exactly, should give results whose
accuracy is limited only by that of the two inputs (interatomic potentiali
and dipole moment function), and by the numerical accuracy of the calculation.
We thus believe that this aporoach has the advantage, that given reliable
CIA experimental data and one of the two input parameters, this calculation
can be used to test the proposed values of the other input parameter. For

there havk heen Propeidd

exanple,Awo very different dipolegr,r;)(r)rent functions due to overlaoping of
atamic charges for the He-Ar pair. Although both dipole marent calculations

involve serious approximation,we believe that reliable experimental data on CIA

O4-




of these approximations fThere is in addition a detailed calculation of the long-

* for the same quantity, using a simple Drude model.

=5~

/

in He - Ar mixtures might provide scme evidence concerning the dependability

-7 i 11
range r dipole moment function induced by dispersion forces alone. This

12
fLuiction is 6.6 times smaller and opposite in sign to that cbtai.ied by Levine

Another advantage of the present approach ié that it can provide
an independent check of the experimental data. “or example, Kiss and
Welsh neasured the absorption cvefficient for the 1:1 He ~ Ne mixture to
be 2.6 x 107" and 0.7 x 1077 ol amagat™2 at 400 ar~L and 600 am L,
respectively. Although the failure of Bosamworth and Gush to obtain

measurable absorption around 200 c:m-l cast same doubt on the He - Ne

results of Kiss ar‘z_d Wc?t]..sh, it was a calculation in this same spirit12 {
hq

which pointed out-nthe Kiss-Welsh results may be in error by about two

orders of magnitude. Althowgh the calculation is probably more laborious

and certainly more expensive than the ones described earlier, we believe |

the reliability of the results, and the oppartunity it affords to

test more approximate models, justifies the additional expense.

II. Absorption Coefficient for Free-Free Transitions

The transition probability P, i.e., mumber of transitions per
second between an initial state i and final state f is given, according
to Fermi's Golden Rule, by

2

ce|vo

§(E), (1)

where V is the external perturbation and the Dirac delta function

insures conservation of energy. If the peniurbation connects miltiple

co-
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initial and final states, expression (1) is modified to

2n

P = o * s
=L i B |<f|v|1>' (

where P; is the probability the system is in the state i and L p; = 1.

For a perturbation due to an electromagnetic field of frequency w

V"_'—HQE =—-2-—£.-e-(elwt+e—lwt)'

where u is the dipole moment of the system and € is a wnit vector in

the direction of the electric field of the incident photon. Substituting
in (2), we get

m
P = T—E%i é: Py |<f|y_.§|i>|2 (6 (BgE,~huw) + G(Ef-Ei+hm))

The first delta function in Eq. (4) corresponds to absorption while the
second one correspords to stirmmlated emission. The second term is also

sametimes called the mon-resonant term.

To see this quantitatively, we write the expression for the power
absorbed per second, i, by the system
. r 2 Gl os @ -
I= -hyp = = Eo (i f(Ef-Ei)p1|<f|_,1_._s_|1>| § (E¢g~E,~huw) +f f(Ei Ee)p;
»
TS |
|<f|_‘_1_ . 8li>] § (BgmE; +hw)),

(3)

(4)

(5)
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Interchanging the dummy indices i and f in the second sum on the right-

hand side of Eq. (5) and recalling that [<f] u | gli>[2

. 2
& ,<1|_E L1821%, and that
x6 (atx) =-x6(a~x), we get

3 .L 2 e . 2
Ll i f(pi pel<tlu | gl s | 8 (E~F;~hw) (6

In this form it is clearly seen that the term involving Pg is the
stimulated emission term. The absorption coefficient a(w) at frequency

® in wits of au t amagat-z, is given by ]

a (w) =-n.,2 Ix-2%
. Ezc
o
o unp f’f (p; pf)l<f|£ . Eli>] S (E, Ei-&m) (7)

where nL = 2.687 x lO19 is the number of atams/cc at S.T.P. (Loschmidt's
nunber) ,

For the wavefunctions of the relative translational motion,
we take

..471’ 2 18 e ~
i»d3—" 54 R (kr) Zy* (yv ¢
l il )mm@-mg (8)
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wh-re r and g denote the magnitude and orientation of the distance
between two nuclei; k and E denote similar quantities for the wave

vector of relative motion, ¥ are spherical harmonics and R (kr) is

im 2
the solution of the differential equation.
2
S Rk + (k2L M, R, (kr) = 0 9)
dr? r %2
with boundary conditions !
lim R, (k) =0
o : (%al
and
3 ; L7
lim R, (kr) = sin(kr - +6, ),
roe ¥ 2 2 (9b)

where 62 is the phase shift of the 2th partial wave potential V(r) at

energy

{2}(2
M

In writing Egs. (7) and (8) we have factored out the motion of
the center of mass of the two atoms. We thus ignore the Doppler effect
throughout the present work.

In the absence of a potential the wave function i becames a plane

wave, i.e., lim|1> = elﬁ'-l-- . Because the potential V(r) does not create
V+o

or destroy particles, it conserves normalization, permitting us to

calculate the incident and outgoing fluxes using plane waves.
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py» the probability of two atoms c¢olliding with relative momentum between

f, and h(k, + ;) is given by

5§
£2k2
-3 3 - 4 ]
P, - (2m) Ky dk, dak.) exp(- 7= 8
2).2
L - I =3 k3dk exp|~ ﬁ-z——“k ]
(2n) .
1 gn? £ 3 n2xk? s
2% (ﬁ—) kiexp -8 i idf~2 Geqd (10)
where B8 = kBT kB is the Boltzmann oonstant, and T is the temperature
in degrees Kelvin. The factor (2m)~ ccmes from the fact that for wnit
volure, the number of states in the interval k and k + dk i k‘:kd’:‘ . The
(2m)
sum over the final states is writtep as
-3 .2 5
(2w g dkf dﬂf | (11)
)

Bquations (10) and (11) differ by a factor k because the probability
that two atoms collide is taken to be kf(k), where f(k) is the

distribution function. From Fas. (7) - {11) we get

alw) = l§_1r__ wnLB*(?M) f dE(EHﬁw) BEE- (1+ )!’ Bhu}( I(k, :kf)v (12)
where
I(krke) = i@g,l-l b ™ m) ﬂ (13)
is the sum over partial waves, and .
® 2
I"”’, - o[ R, (k1) R, (ker) w(rldar |, (14)

SI-
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" (resonant state).
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where u(r) is the dipole roment function,and ke is determined by the

energy conservation relation
172

k, =[k? + 3
£ i ug

III. Bound to Free Transitions:
In this type of transition the two atams form a molecule in the

init:al state. This molecule may be a true bound state with negative erergy,
or it may be a positive energy state trapoed in the centrifugal barrier
In either case, an absorption process corresponds to

photodissociation of the molecule. Because the He - Ar potential has a

well-depth of only about 17.5 cm-l, He - Ar has only one hownd vibrational

state which supports five rotational states. Their encrgies, calculated

using I~J (6-12) potential,
r 12 r 6
V(r) = € T -2 r—) ’

- ©
with € = 0.350 x 10 " ergs ani My 3.45 A, are -5.756, -5.17¢€, -4.039,

-2.377, and =0.272 am L.

The wavefunction for the bound state | by > can be written in the form

1
blm >== Ry (kr:)Y’Lm (@r) : (15)
where the vibrational wavefunction R, (kr) is solution of the wave equation
a2 L2, A1) M
o R LR - V& R k) = 0 (16)

drz
igij-




with boundary conditions

lim Rl(kr) =0 (16a)
r+0

lim Rg(kr) =9 (16b)
o

2.2
'Ihebind.i.ngenergyEofthisstateisEb=-%{L

are assured ortho-narmal, i.e., « bz(kr)lb , (k'r)>

. The bl(kr) fir.ctions

622'6kk' s
The probability P; for the two atoms to be initially in the

Bound state is

-E.
e
= s

" Y2 4 open +ne ™
\ 2neh? £

The sum over the final states is given by Eg. 11.

(17)

For the reverse process,
i.e., stimulated free-bound e:nissim’pi(r) is given by Eq. 10, whereas

the sun over the €inal states for the reverse process is just

the sum over the bound states, i. e.,

208 -3

T (18)

4L~
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Substituting Fgs. -(10), (11), (17) and (18) in Eq. (7),and substituting initial

and final state wavefunctions from Fas. (15) and (8), respectivelv, we aet, after

same algebra.

1/2 o,

2 \2 -

o) = 2 wnZ gh? z:Q. . - eBEi/kgdkf fdaf
0

c 2 i\ a2

-gF, 2

- / kddk, e "~ f / dg, l <€ | ye | b (k> | G(Ef-zi-hm) (19)
0 5
where

_ -3/2 Z -1

M -BE,
: Q: % 1+ (2L.41) e i (20)

1 2ngh? i o :

3 - -1/2 iy
a(y = 2 wnf'sz‘hzl”f' Z e BE; [ ZQi(nefl/z b + E)) -e Bhw]
3¢ i 5
|5

x I(kb.kf) (21)

where the function I(k,, k¢) is defined in Egs. (13) and (14) with the
change that R, (kbr) satisfies differential equaticn and boundary conditions
given by Eq. (16).

die

o Raias . - - i - e g




IV. Camputations

The dipole transition probabilities to be evaluated are of the form

N
é [‘Iz,z-l +(241) Il'“l] _ (22)

Typical values of N required for convergence of the sum to three fiqures

are 50. 'The integrezls are

2
I!.,L' = [Rz(kir) Rl.(kfr) ulr) ar ' (23)

o
\

where u(r) is the oollision-induced dipole mament, and R, (kir)

and R’.. (kfr) are the radial wave functions of the initial and final
states, of angular momentum quantum numbers £ and &'. The five forms of
u(r) for which we calculated the CIA are defined in Table I.

The integrals are calculated in straightforward fashion, first

obtaining the wave functions and then evaluating the integrals by Simpson's
rule.
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The wave functions are stored on tape for re-use. The wave functions
are calculated for each £ using the double—precision program DHPCG from the

IBM Scientific Subroutine Package. This solves differential equations

numerically using a Milne-Hamming predictor-corrector method. This is a

stable, fourth-order "stepping" method (i.e., using given initial values,

as distinct from boundary conditions), with qood error control.

The differential equatiaons to be solved ar;a the standard radial
pﬁrt of the Schrédinger equation (Ea. 9),with the given interatamic potential.
The solution must be known at same point to provide initial values. This
point is taken far enough inside the classically forbidden region that the
wave function is essentially zero, and the equation integrated outward from
there. This vields a solution to within normalization, with the normal-

jzation factor easily found after the solution has attained the ‘asymptotic

limit,
: Ln
Rz(kr) _kT: sin (kx - 7 + 6! b (24)
where §, is the phase shift of the &-th partial wave. . For a minimum in

the He-Ar interatomic potential at 3.45 x 10°° am, ypically 750 points of

the wave function are stored, out to a distance of 50 x 10‘_8 cam. Error

control, to attain the desired three-figure accvracy in the final sum over
integrals, was done experimentally :by adjusting the wave function tolerance

which is input to the program DHPCG; by altering the intervals at which the

wave functions are stored, for imput to the Simpson's rule integration; and

bv observina ow high 2 rust be carried in the final sum. Tvpical IB4 370-165 CPU
times for calculating fifty wave functions for & = 0 + 50, for a single

initial or final state (i.e., a single energy), are five minutes, with ten

minutes thus required for an entire sim over inteqrals. hia armroach Feoetiegades el

43~
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direct, with maximm use of stock "library" programs; but probably at the
expense of greater efficiency attainable from programs tailored for these
calculations. ’

The five bound state energies were obtained using essentially the
same programs as were used to calculate the wave functions. The simple
scheme vas merely to iteratively adjust the energies (now negative
instead of positive) in the radial part of the Schrddinger equation (Eq. 16),
until the wave function yielded by the calculation:cheyed as well as possible
the boundary condition given by Eq. (16b).
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IV‘ Results and Discussion

Tt was pointed out earlier that the most tightly bound state of

He-Ar has a binding energy of about 6 cm_l. According to Eq. (17), the

probability for the.occurrence of this state is( ’:h’ =3/2 s 1{
probability is about 10°8 time the probability (Eq.21{0) that He and Ar {
ollide with thermal energy. Since the integrals cver transition moments
have similar magnitule, the result is that the contribution of bound-free
transitions to CIA in He-Ar is much smaller than the contribution of the
free-free transitions. In fact, the uncertainty introduced in the free-
free CIA due to computational procedures far e:&:eeds the contributicn due
to bound-free transitions. We will therefore ignore the bound-free
contribution. .

Ideally, the dipole moment function for He-Ar should be calculated
in a manner which takes electron correlation into account, such as a
Hartree-Fock calculation including configuration interaction. Such a
calculation is presently wnavailable. There are three approximate calcu-
lations of dipole moment function available in the literature.

On the one hand is the molecular Hartree-Fock calculation of Matcha
and Nesbet (M-N)? which is probably a better picture of the real situation
at small internuclear distances. On the other hand is the calculation of
Lacey and Byers Brmmlo(L-BB) , which approximates the overlap contribution
to the dipole moment by electron exchange between undistorted Hartree-
Fock atoms. Because these calculations inwolve different assumptions,

it is not unreasonable to assume that each cne may be a better representa-

tion of the physical situation in a restricted interval.




‘Neither of these calculations includes the contribution of the
dispersion forces to the dipole moment finction. The leading dispersion
term in the dipole moment function has been computed by thisnant and Byers
Brown .ll (w-BB). In this work we will calculate the CIA dué to these
three dipole-moments functions, as well as the two dipole-moment functions
obtained by adding the W-BB dispersion contribution to the M-N and L~EB
overlap contributions. \

This simple addition of overlap and dispersion parts has scant
theoretical justification. However, this customary procedure is the
best currently available. It yields the correct dipole moment function
at large internuclear distances where the dispersion term dominates, and,
at the smallest internuclear distances realized in the oollisions presently
under consideration, where the overlap term dominates, reduces to the
desired M-N or L-BB overlap form.

Several potential functions for He-Ar have been proposed. Matcha
and Nesbetg, from their molecular Hartree - Fock calculation discussed
earlier, proposed an exponential repulsive potential for the inert gas
atoms. Oolgate et al.l,4and Kexme& and Le.'malsshave investigated the He-Ar

: R .y : -1
potential for energies 1in the 1 eV range, i.e., about 8000 cm ~. However,
since we will deal with relative energies in the 200-1200 - range, these
results are not useful to us. Walker and Westenber%;Ghave interpreted their
diffusion work (300-1000° K) assuming only a repulsive part for the . He-Ar
potential.

In the present study we will use the potential arrived at from the
molecular beam work of Duren et al.8 Not only is this investigation in the

energy interval of direct interest to us (200-3,000 m/s relative velocity).
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but alio the results were interpreted using both an attractive and a repulsive
part, which is 'mre reélisti.c than a solely repulsive potential. In addition,
this potentizl was als; :sed in the earlier He-Ar CIA work of McQuarrie

and Bemsteinz and thus facilitates comparison with their results.

Finally, in our earlier study on CIA in He-Ne, we difectly tested the
effect of the potential adopted. The He-Ne potential of Duren et al. was
mainly used, but a limited amount of this work was duplicated using the
M-N He-Ne potential, with essentially the same results. We believe that
in the range of intemxblear distances of interest, that this is probably
again the case.

Table I gives the results of our calculations at 300° K using the
five different dipole moment functions mentioned, and compares them with
the experimental work of Kiss and Welsh, and with that of Bosomworth and
Gush. We also show the theoretical results of McQuarrie and Bernstein
(M0Q-B). This calculation uses the same interatomic potential and dipole
movent function as our "M-N overlap only" colum, .and differs from the lai:ter
only in using classical instead of quantum mechanics. It is gratifying to
note that our result’ £ with those of McQ-B where one mught expect the
latter to be most valid, namely at 67 cm L. The McQ-B calculation does not
oconserve energy, i.e., the absaorbed photon does not affect the translational
motion of the atoms—an approximation which should be least serious at small
photon energies, and most serious at large, where, indeed,cur energy-conserving
results differ from MQ-B. In particular, our calculations show that rost
of the contribution to the absorption coefficient at frequencies below 240 cm-1

(where McQ-B obtainod their results), oomes from atoms colliding with a
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relative energy of 300-500 cm-l. while it may be reasonable to take

translational kinetic energy as conserved if a 67 an ® photon is

absorhed, this seems less plausible for a 240 <:m'-:l photon.

In the early discussion]%f the validity of the M-N induced dipole
2

moment function, there figured largely the latter's neglect of the r
dispersion term. It is mte.restnx; that for Hg—Ar this term is relatively
unimportant. Its inclusion or neglect affects the calculated results
substantially less than the choice of overlap part: whether L-BB overlap
or M-N overlap. Ievinel,zusing a simple Drude nédel, early obtained the
result, that the r | dispersion term in the induced dipole moment by it-
self accounts for 60~90% of the experimental He-Ar zeroth moment for
sbsorption. By contrast, our corresponding results for the absorption
ooefficient are nearer 1%. These results given in the'W-BB dispersion
only" colum of Table I were obtained using the i:r)dvced dipole moment
resulting from the much more sophisticated calculation of BB-W.

AN
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Table I shows that for low absorption frequencies,
including the bulk of the room-temperature absorption, the
L-BB + W-BB induced dipole moment function gives results

) closer to experiment, than does the M-N + W-BB function;
while for high frequencies this situation is reversed. Our
experience is that the transition moment integral is largely
determined by the magnitude of the induced dipole moment at
the classical turning point--presumably because the radial
wavefunctions are least rapidly oscillating there.

Table I thus implies that the M - N induced dipole
moment function is mure accurate at internuclear distances
equal to the classical turning points associated with high
frequencies. These imply high translational energies,

and thus generally smaller classical turning points. This
is in accord with the expectation that the M-N calculation
is most accurate at small distanceg,and that the L-BB
calculation, basea on electron exchange between undistorted
Hartree-Fock atoms, is more accurate at larger distances.

We estimate the distance at which one dipole moment function

s becomes more accurate than the other,as about 2.4-2.5 X:
The two functions yield about equally oaccurate results for
the 400 cm"l transitions, and the main contributions to
this transition come from wave functions corresponding to

classical turning points in this range.




In tables II-VI, we give the temperature dependence
of abscrpt"‘ za coefficient as a function of frequency for the

five dipole moment functions/ for future comparison with

experiment '/as well as with more approximate models.
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APPENDIX TIT e 1

SEtiEy WATER VAPOR SPECTROSCOPY AT S5p

‘e USING A TUNABLE SPIN-FLIP RAMAN LASER
M. Guerra, M. Ketabi, A. Sanchez, M. Feld, A. Javan

A low field permanent magnet spin flip Raman laser

(1)

system has been used to measure the self and foreign gas

pressure broadening coefficients of the (000) 5 (010) 624

15

transiticn of the vy fundamental vibrational bend in water

vapor (1884.57 cm°1). In additional we have measured the air

=
32-*(010) 643 transition (1889.58 cm 7).

The experimental arrangement is illustated in Fig. 1.

broadening of the EOOO) 5

The spin flip Raman laser system consisted of a CO pump laser
and an InSb crystal situated in the field of a permanent
magnet. The CO laser was a rigid four rod structure with a
totally reflecting mirror at one end and a grating mounted in
Littrow, used for fregquency selection at the other end, both
internal to the cavity. The grating coupled out 10% of the
radiation inside the laser cavity by means of diffraction into
the zeroth order. 1In order to maintain constant crientation of

the output beam while tuning the grating, a reflector was mcunted

(2)

v

with it in a dihedral configuration. The laser tube was of

the three-walled type with a vacuum jackct surrounding the coolant

a circulating solution of 2—methylbutane(3) maintained at a

temper ‘ure of about ~130°C. The gas flow mixture was similar
(4 OEEE eI

to tha. reported by Osgcecd, et. at., excepnt that to elimin

ate impurities the mixture was passed through an activated

alumina filter (%) and then throuch a dry ice-methanol cold

trap. Output powers up to 2 watts on a single line were obtained

from a laser with 92 cm discharge path.
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The spin-flip radiation was generated in an InSb

crystal with a carrier concentration of 1 x 1015 cm-3

im-
mersed in liquid helium cooled to below the A point. The CO
pump radiation was focused onto the crystal with a 10 cm focal
length CaF2 lens. Spin flip radiation was cmitted colinear
with the pump beam in both forward and backward directions.
The forward output together with the remainder of the pump
beam was collected by another 10 cm focal length CaF2 lens

and sent to a Fabry-Perot interferometer.

The backward output was collected by the original
focusing lens and was used as the actual spectroscopic source.
Use of the same lens for focusing the pump beam and for collect-
ing the spin-flip radiation automatically insured that the back-
ward spin-£1ip output was colinear with the pump radiation.

This allowed us to adjust the lens so that the pump was optimally
focused on the crystal without seriously misaligning the spin-
flip beam.

In the past it has been difficult to obtain good
frequency calibration of the spin-flip laser. (Estimates using
the g factor of InSb and measuring the magnetic field can lead
to inaccuracies.) 1In the preser. experiments the fregquency
scale was independently establi;hed using a Fabry=Perot inter-
ferometer with adjustable mirror spacing. The method of co-
incidences was used to calibrate the frequency tuning of the
spin-flip radiation. In this way a freguency scale accurate

to a few percent was achieved.

I —————




‘*sWith the polarization of the pump beam parallel to
the. magnetic field the polarization of the Stokes line of the
spin-flip laser is normal to that direction. Therefore, a
silicon beam splitter oriented near the Brewster angle was
used to reflect most of the backward spin-flip radiation, while
transmitting almost all the pump light. The piece of silicon
was affixed to a mirror at a dihedral angle of 135° in order
to maintain a constant deflection angle of the spinflip beam
of 270°, independent of the rotation of the unit. 1In order to
eliminate any residual pump radiation reflected by the beam
splitter, the beam was passed through a polarizer consisting
of two pieces of germanium placed at Brewster's angle for the
spin-flip radiation. A second silicon beam splitter was used
to divided the spin-flip radiation into two approximately equal
parts. One part was sent through the absorption cell to a
detector, while the remainder went directly to another detector.
After processing by lock-in amplifiers, these signals were fed
into a ratio divider. 1In this way amplitude variations caused
by flucturations in the spin-flip output during frequency tuning
were eliminated. Care was also taken to insure that the air
pPaths for the reference beam and the beam sent to the absorption
cell were about equal. Thus absSorption due to the presence of
water vapor in the surrounding air could be balanced out.

The absorption cell was an 80 cm long glass tube with
a 5cmi.d. The CaF2 windows were nmounted at Brewster's angle,

For the foreign gas broadening measurements the cell was brought

U<




into eéullibrium with the vapor pressure of a water reservoir
maintained at 0° C. The reservoir was kept open to the cell

- during all subsequent additions of foreign gas. This provided
a constant 4.6 torr partial pressure of water vapor. After
each addition of foreign gas it was found important to wait a
sufficient amount of time, usually five minutes, to permit the
gases to mix completely and come to equilibrium. For the self-
broadening measurements the reservoir was kept at room tempera-
ture and we were limited to a maximum water vapor pressure of
approximately 20 torr, above which condensation began to take
place inside the cell.

The CO laser was made to oscillate on the Py_g(12)
line at 1888.32 cm-l. The permanent magnet had tapered pole
peices and was mounted on a moveable platform which could be
positioned so that the first Stokes line of the spin-flip radi-
ation was at 1884.57 cm_l, using the Fabry-Perot interferometor
for calibration. Fine freguency tuning was then done electrcn-
ically by means of two Helmholtz coils mounted on the perman-
ent magnet. By aprlying a 1.5 amp current ramp to the coils,
we were able to tune through a freguency range of 6.8 GHz. A
Voltage proportional to the current and therfore to the tuning
frequency, was applied to the x:axis of the X-Y recorder. Some
typical recordings of foreign gas broadening of water vapor
are shown in Fig. 2.

The results of the self and foreign gas broadening
measurements are plotted in Fig. 3. Pressures were read using

two mechanical Wallace-Tiernan guages, one 0-20 torr and the

bi<




other 0;330 torr. The frequency scale was calibrated by means
of the Fabry Perot. The results for the pressure broadening
‘coefficients are listed in Table I. The measurements are in
good agreement with those predicted by Benedizt and Kaplagf{7)
who used Anderson's theory of line broadening(aio calculate
collision broadening coefficients for rotational transitions
of the H,0 grand vibrational state. The fact that the micro-
wave predictions agree with our infrared measurements suppeorts
the contention(glhat the microwave calculations are also accu-
rate for optical transitions of low J. Pressure shifts for
.the 1884.57 cm™ L line were also observed. In =ach case the
peak of the absorption line shifted to lower frequencies with
increasing foreign-gas pressure, but detailed measurements
were not taken.

We have also measured the absorption line width of
the[poo, 532 -010, 6431transition cf the v, band of water
vapor present in the atmosphere 22 C and 35% relative humicdity
(7 torr).

To avoid excessive absorption by this extremely
strong line the air path of the spin-flip beam was reduced
to approximately 25 cm. We measured 6.16 + 1.0 GHz for the
full width at half maximum. Ou; measured air broadening co-
efficient is then 8.1 + 1.3 MHz/torr, as compared to the theo-
retically predicted value(sbf 6.11 MHz/torr. Further work on
this line is planned for the near future.

Measurements of this type do not reguire a high de-

gree of frequency stability. Nevertheless, the spin-flip laser

B~



T

is intrinsically capable of the stability necessary for high-
(10,11,12)

resolution saturation spectroscopy. However, in our

measurements there were indications that at times the spin-

flip laser was multimoding. We are currently in the process

of eliminating the excess modes and frequency locking the

spin-flip laser output to that of a second stabilized CO laser.
In conclusion, we have shown that predictions based

on Anderson's theory of collision broadening are valid for

low J transitions of water vapor. Discrepancies between theory

and experimental results still exist for those transitions of

(13,14)

high J, and further study is needed before a ccmprehensive

evaluation of tihe various theoretical models can be made.

We would like to thansx Richard Eng for helpful comments

during the course of this work.
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